Abstract Proteins belonging to the AP-1 family of transcription factors are known to be involved in the regulation of neuronal viability. While strides have been made to elucidate the mechanisms of how individual members regulate cell death, much remains unknown. We find that the expression of one AP-1 member, c-Fos, is reduced in cerebellar granule neurons (CGNs) induced to die by low potassium (LK) treatment. Restoration and increase of this expression protect CGNs against LK-induced death, whereas knockdown induces death of otherwise healthy neurons. Furthermore, forced expression can protect cortical neurons against homocysteic acid (HCA)-induced toxicity. Taken together, this suggests that c-Fos is necessary for neuronal survival and that elevating c-Fos expression has a neuroprotective effect. Consistent with this idea is the finding that c-Fos expression is reduced selectively in the striatum in two separate mouse models of Huntington's disease and forced expression protects against neuronal death resulting from mutant huntingtin (mut-Htt) expression. Interestingly, neuroprotection by c-Fos does not require its DNA-binding, transcriptional, or heteromerization domains. However, this protective activity can be inhibited by pharmacological inhibition of cAbl, CK-I, and MEK-ERK signaling. Additionally, expression of point mutant forms of this protein has identified that mutation of a tyrosine residue, Tyr345, can convert c-Fos from neuroprotective to neurotoxic. We show that c-Fos interacts with histone deacetylase-3 (HDAC3), a protein that contributes to mut-Htt neurotoxicity and whose overexpression is sufficient to promote neuronal death. When co-expressed, cFos can protect against HDAC3 neurotoxicity. Finally, our study identifies a 21-amino acid region at the C-terminus of cFos that is sufficient to protect neurons against death induced by LK, HCA treatment, or mut-Htt expression when expressed via a plasmid transfection or as a cell-permeable peptide. This cell-permeable peptide, designated as Fos-CTF, could have potential as a therapeutic agent for neurodegenerative diseases.
The members include the Fos proteins (c-Fos, FosB, Fra-1, and Fra-2) and the Jun proteins (c-Jun, JunB, and JunD). These proteins function by binding as homodimers or heterodimers to gene promoters containing AP-1 sites regulating both basal and inducible transcription of these genes [1] [2] [3] [4] . Dimerization of these proteins involves a leucine zipper (LZ) domain, whereas binding to target sequences involves a DNAbinding domain located adjacent to the LZ domain. Members of the ATF protein family also heteromerize with AP-1 proteins. Whereas Jun proteins can function as homodimers, Fos and ATF proteins heterodimerize with Jun proteins to form transcriptionally active AP-1. In addition to regulating neuronal survival, AP-1 proteins are involved in a wide array of physiological processes, and the deregulation of their activity has been implicated or shown to be key players in many pathological conditions [1] [2] [3] [4] . The large number and variety of biological functions attributed to AP-1 can be explained, in part, by the numerous combinations of Fos, Jun, and ATF components that can make up the active transcription factor. It deserves mention that some AP-1 proteins such as c-Fos and c-Jun have been found to interact with other non-AP-1 and ATF proteins, although the biological significance of these interactions is not clear [5] [6] [7] [8] [9] .
Many laboratories have described that c-Jun plays a pivotal role in the promotion of neuronal death, an action involving both an increase in its expression as well as its phosphorylation by c-Jun N-terminal kinase (JNK) [10] [11] [12] . In cerebellar granule neurons (CGNs) induced to die by low potassium (LK) treatment, it has been reported that c-Jun may promote death by heterodimerization with ATF2, whose activity is also dependent on JNK phosphorylation [13] . Intriguingly, another recent study reported that a complete knockdown of c-Jun and ATF2 using siRNA fails to protect against LK-induced death, suggesting that neither c-Jun nor ATF2 is critical for neuronal death [14] . In addition to c-Jun and ATF2, ATF3 has been proposed to be necessary for LK-induced apoptosis [15] . Overexpression of ATF3 kills neurons in HK medium, while small hairpin RNA (shRNA)-mediated suppression of ATF3 expression protects in LK [15] . In contrast to these proteins, which promote neuronal death, emerging evidence suggests that c-Fos plays a protective role against neurodegeneration. Mice lacking c-Fos in the hippocampus have been reported to display increased neuronal death following kainic acid administration [16] . Another study found that c-Fos expression is reduced in the striatum of R6/2 mice, a transgenic model of Huntington's disease (HD), and this decrease is attenuated by administration of a small molecule inhibitor of kyurenine 3-monooxygenase with neuroprotective effects [17] . Reduced cFos expression has also been described in R6/1 mice, another transgenic HD mouse model [18] .
In this study, we have investigated more directly whether cFos promotes neuronal survival. We find that c-Fos expression is reduced in CGNs induced to die by LK treatment. We confirmed and extended previous observations [17, 18] to show that c-Fos expression is also reduced in the striatum in both chemical and genetic mouse models of HD. Recapitulating this reduction by shRNA-mediated downregulation, results in the death of otherwise healthy neurons indicated that elevated c-Fos expression is necessary for neuronal survival. Consistently, restoring elevated c-Fos levels by ectopic expression protects cultured neurons from death. Interestingly, increased expression of c-Jun is not sufficient to induce cell death unless accompanied by reduced c-Fos expression. In addition to c-Fos itself, we have also identified a 21-amino acid peptide derived from the C-terminal region of the c-Fos protein that is highly neuroprotective in tissue culture models.
Materials and Methods
Materials Unless otherwise indicated, all reagents and materials were purchased from Sigma-Aldrich (St. Louis, MO). Life technologies (Grand Island, NY) was used to purchase tissue culture-related materials. Antibodies used in this paper were as follows: Flag (catalog #F1804, Sigma-Aldrich), α-Tubulin (catalog #T9026, Sigma-Aldrich), GFP (B-2 catalog #sc-9996; FL catalog #sc-8334, Santa Cruz Biotechnology (Dallas, Texas)), c-Fos (H-125 catalog #sc-7202, Santa Cruz Biotechnology; 9F6 catalog #2250, Cell Signaling Technology, Danvers, MA), c-Jun (L70B11 catalog #2315, Cell Signaling Technology; H-79 catalog #sc-1694, Santa Cruz Biotechnology), Huntington (D7F7 catalog #5656, Cell Signaling Technology), ERK (p42/44 MAPK catalog #9102, Cell Signaling Technology), and pERK (Phospho-p42/44 MAPK catalog #9101, Cell Signaling Technology). Primary antibodies were used at dilutions from 0.1 to 1.0 ng/μl for Western blot analysis and 1.0 to 5.0 ng/μl for immunocytochemistry in 5 % bovine serum albumin (BSA). Secondary antibodies (Thermo Fisher Scientific, Waltham, MA) were used at concentrations 0.2-0.5 ng/μl for Western blots. DyLight 594 or Alexa Fluor® 488-conjugated secondary antibodies for immunocytochemistry were purchased from Jackson Immunoresearch Laboratories (West Grove, PA) and used at a concentration 2.0 ng/μl. Fos-CTF-R9 peptide was purchased from United Biosystems Inc. (Herndon, VA).
Plasmids The Flag-c-Fos expression vector, its mutants, and HDAC3-Flag were obtained from Addgene (Cambridge, MA) (39) . GFP-tagged and untagged c-Fos expression vector and their mutants were kind gift from Mark Piechaczyk [19, 20] . Flag-c-Fos Y345D was constructed by site-directed mutagenesis. FosB and ΔFosB plasmids were a gift from Eric J. Nestler of Mount Sinai Medical Center, NY. GFP-and RFPtagged Htt plasmids were a kind gift from Dr. Troy Littleton (Massachusetts Institute of Technology, Cambridge, MA). JAZ-Flag expression plasmid was cloned in our lab.
Culture and Transfection of CGNs CGNs were cultured from 7 to 8-day-old Wistar rats and plated on dishes coated with poly-L-lysine in Basal Eagle's medium with Earle's salts (BME) supplemented with 10 % fetal bovine serum, 25 mM KCl, 2 mM glutamine, and 100 μg/ml gentamicin [21, 22] . Cytosine arabinofuranoside (10 μM) was added to prevent proliferation of nonneuronal cells 20 h after plating. Transient transfection using the calcium phosphate method was performed after 5 days in vitro [23] [24] [25] . Transfection efficiency in these cultures ranges from 0.1 to 1.0 %. Eight to 24 h after transfection, cultures were treated with BME supplemented with high potassium, 25 mM KCL (HK), or low potassium, 5 mM KCL (LK), for 24 h. Control experiments indicated that viability of transfected cultures was similar to untransfected cultures. Successfully transfected neurons were detected by EGFP fluorescence or by immunostaining using anti-Flag antibody [23] [24] [25] . Nuclear staining with 4,6-diamidino-2-phenylindole hydrochloride (DAPI) (0.1 μg/ml) was used to determine viability of neurons [23] [24] [25] . Condensed or f r a g m e n t e d n u c l e i w e r e c o n s i d e r e d a p o p t o t i c . Pharmacological inhibitors when used were added at the time of HK/LK treatment. These were used at the following concentrations: PD98059 at 40 μM, U0126 at 10 μM, wortmannin (WORT.) at 100 nM, LY294002 at 20 μM, KN62 at 50 μM, Trichostatin A (TSA) at 1 μM, IC261 at 10 μM, 4,5,6,7-tetrabromobenzotriazole (TBB) at 10 μM and Gleevec (GLEE.) at 50 μM. All pharmacological inhibitors were purchased from EMD Millipore (Darmstadt, Germany). Viability or phosphorylation of target proteins was used to confirm effectiveness of the inhibitors (data not shown). Animals were used in strict adherence to NIH guidelines and protocols approved by the Southern Methodist University IACUC.
Cortical Neuron Culture and Transfection Cortical cultures were prepared from Wistar rats at embryonic day 16 or 17 as described previously [24, 26, 27] . Cultures were kept in Neurobasal medium with 1 % B27 supplement, 0.25 % Lglutamine, 1 % penicillin/streptomycin, 0.1 % HEPES, and 1.1 % sodium pyruvate without serum to minimize glial proliferation. Cultures were transfected on day 5 in vitro 24 h after transfection cultures were treated with 1 mM homocysteic acid (HCA). Immunocytochemistry was performed after 18 h of HCA treatment. Viability of successfully transfected cells was quantified following immunocytochemistry and DAPI staining as described above for CGNs.
Site-Directed Mutagenesis Site-directed mutagenesis was accomplished by using QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) following the manufacturer's instructions. All the constructs were sequenced to check for mutations and expressed in human embryonic kidney (HEK293T) cells to check for protein expression. The following primers were used to create site-directed mutants: shRNA-Mediated Suppression The pLKO.1-TRC control vector (Addgene) containing a nonhairpin 18-bp insert was used as transfection control. Five c-Fos shRNAs were used in this study: TRCN0000042679, TRCN0000231168, T R C N 0 0 0 0 2 3 1 1 6 6 , T R C N 0 0 0 0 0 4 2 6 7 8 , a n d TRCN0000042680 (Sigma-Aldrich) designated as sh1-5, respectively. Ability to suppress expression was performed using HEK293T cells. Briefly, HEK293T cells were transfected with pLKO.1 or with c-Fos shRNA plasmids along with c-Fos Flag plasmid in the ratio 7:1. Lysates were harvested 24 h later and subjected to Western blot analysis as described above. To examine the effect of c-Fos knockdown on neuronal viability, CGNs were co-transfected on day 5 in vitro with either pLKO.1 control plasmid or one of the cFos shRNA-expressing plasmids along with CMV-EGFP in a ratio of 6.5:1. Twenty-four hours later, the neurons were treated with HK or LK containing medium for another 24 h, followed by immunocytochemistry. Viability of the GFPexpressing cells was determined using DAPI staining, as described above.
Western Blot Analysis Cell lysate was prepared by using 1× cell lysis buffer (Cell Signaling Technology). Fifty to hundred μg of protein from each sample were mixed with 6× SDS sample buffer [300 mM Tris-HCl (pH 6.8 at 25°C), 12 % SDS, 60 % glycerol, 5 % β-mercaptoethanol, 0.01 % bromophenol blue]. After boiling at 95°C for 5 min, samples were subjected to SDS-PAGE and transferred electrophoretically onto polyvinylidene difluoride (PVDF) membrane (BioRad, Hercules, CA). The membranes were blocked in 5 % nonfat dry milk in TBST. Membranes were incubated with primary antibody overnight at 4°C, followed by secondary antibody for 1 h at room temperature. Immunoreactivity was examined by enhanced chemiluminescence (GE Healthcare Bio-Sciences, Pittsburgh, PA) according to the manufacturer's instruction.
Immunoprecipitation Cell lysates were harvested with 300 μl of 1× cell lysis buffer. Lysates were centrifuged at 10,000g for 10 min at 4°C. Thirty microliters of the protein lysate were mixed with 6× SDS, boiled at 95°C for 5 min, and subjected to Western blot analysis to check for protein overexpression (in the case of transfected cell lines) and to check for equal protein usage for immunoprecipitation. Thirty microliters of Protein A/G Plus-Agarose beads (Santa Cruz Biotechnology) were preincubated with 1 μg of pull-down antibody in 300 μl of 1× cell lysis buffer for 1 h at 4°C with constant rocking. Beads bound with pull-down antibody were precipitated by centrifugation at 3300g for 2 min, and the supernatant was discarded. Two hundred fifty microliters of protein lysate was precleared with 30 μl of Protein A/G Plus-Agarose beads to reduce non-specific binding. After centrifuging at 3300g for 2 min, supernatant from preclear was added to the beads bound with pull-down antibody and incubated overnight at 4°C with constant rocking. Immunoprecipitate was collected by centrifugation at 3300g for 2 min and washed thrice with 500 μl of 1× cell lysis buffer. Thirty microliters of 3× SDS were added to the immunoprecipitate, boiled for 5 min at 95°C, and then subjected to Western blot analysis [25, 27] .
Live/Dead Assay Live/Dead assay was done using LIVE/ DEAD Viability/Cytotoxicity Kit for mammalian cells (catalog #L-3224, Life technologies) as per the manufacturer's instructions.
3-Nitropropionic Acid Treatment
Ten-week-old C57BL/6 male mice were purchased from Charles River Laboratories, Inc. (Wilmington, MA). Administration of 3-nitropropionic acid (3-NP) was performed as previously described [28, 29] . Briefly, 3-NP was dissolved in water and the solution brought to pH 7.4 with sodium hydroxide. Freshly prepared 3-NP was administered in ten intraperitoneal injections (50-55 mg/kg twice a day for 5 days). Saline injections were used for control animals. Mice were euthanized on the first, third, and fifth day following injection, and their brains were dissected. Striatum was extracted from other brain parts (OBP) and messenger RNA (mRNA) prepared from the tissue for analysis of gene expression.
Analysis of the R6/2 Transgenic Mouse Model Female mice hemizygous for B6CBA-Tg(HDexon1)62Gpb/1J (via ovarian transplant) were bred to B6CBAF1/J males; both obtained from Jackson Laboratories (Bar Harbor, ME). These animals have glutamine expansion of 160±5. Genotyping was performed by PCR using tail-tip DNA collected from offspring on day 10. At 13 weeks of age, wild-type and transgenic littermate (R6/2) pairs were euthanized by carbon dioxide inhalation, their brains were dissected. Striatum was extracted from other brain parts (OBP) and mRNA prepared from the tissue for analysis of gene expression [27] .
Statistical analysis All the graphs in this study were generated using GraphPad Prism 5 software. Unless otherwise mentioned in the figure legends, statistical analysis was done using unpaired two-tailed t test (Student's t test), and the results are shown as mean standard deviation. The p values <0.05 were deemed statistically significant. All viability experiments were done in duplicate and repeated at least three times. One hundred fifty to two hundred transfected cells were counted for each experiment. [10] [11] [12] . Indeed, c-Jun induction is often considered a marker of neuronal death. As observed in other paradigms of neuronal death, such as NGFdeprived sympathetic neurons [11] , LK-induced death of CGNs is blocked by the inhibition of c-Jun activity [10] . LK-induced death of CGNs can also be completely blocked by addition of IGF-1, a neurotrophic factor for many neuronal types [22, 30] . Surprisingly, the expression of c-Jun in IGF-1-treated CGN cultures is even higher than that seen in LKtreated cultures both at the mRNA and protein level (Fig. 1a,  b ). This observation demonstrates that increased expression of c-Jun by itself is not detrimental to neuronal survival and raises the possibility that modulation of expression or activity of another AP-1 protein, perhaps in conjunction with c-Jun stimulation, is necessary for neuronal death to ensue.
Expression of c-Fos and Other Proteins Is Modulated by LK
Treatment As a step toward identifying AP-1 proteins that regulate neuronal survival and death, we examined the mRNA expression of all members of the Fos and Jun subfamilies, as well as several members of the ATF family. In contrast to c-Jun, the expression of JunB and JunD was unchanged in neurons primed to die (Fig. 2a) . Within the Fos family of proteins, the expression of Fra-1 was upregulated in LKtreated CGNs, whereas expression of c-Fos and FosB was substantially reduced by LK treatment (Fig. 2b) . Among the ATF proteins, ATF3 was upregulated, whereas ATF6 and ATF6b showed reduced expression in LK (Fig. 2c) . Because the expression of c-Fos mRNA was most highly altered, we focused on it. As observed at the mRNA level, c-Fos protein is also downregulated in CGNs within 3 h of LK treatment (Fig. 2d) . The result obtained by Western blot analysis was confirmed by immunocytochemical analysis of LK-treated CGNs (Fig. 2e) .
c-Fos Is Necessary for Neuronal Survival Since elevated cFos expression correlates with neuronal survival, we tested whether its expression was necessary for the viability of neurons by knocking down c-Fos expression in otherwise healthy neurons using separate shRNA constructs. To conduct this experiment, we first tested the ability of five separate shRNAs, designated sh1-sh5, to knockdown ectopically expressed rat c-Fos in HEK293T cells. Whereas sh2 and sh5 had an insignificant effect on ectopic c-Fos expression, sh3 and sh4 knocked down c-Fos robustly (Fig. 3a) . A smaller knockdown was observed with sh1, treatment with which resulted in the production of a truncated c-Fos protein (Fig. 3a) . Transfection with sh1, sh3, or sh4 reduced the survival of otherwise healthy neurons (Fig. 3b) . In contrast, sh2 and sh5, which were ineffective at knocking down c-Fos expression, had no such effect. The finding that suppression of c-Fos is sufficient to induce cell death indicates that c-Fos expression is required for neuronal survival normally.
If reduced, c-Fos expression is causally related to neuronal death, then raising c-Fos levels by forced expression should prevent the death of neurons exposed to apoptotic stimuli. As shown in Fig. 4a and as previously described [13] , ectopic expression of c-Fos-Flag completely protected against LKinduced neuronal death. EGFP-c-Fos and untagged-c-Fos (cotransfected with EGFP to identify transfected neurons) were also expressed ectopically to rule out contributions of the Flag tag in neuroprotection. Neuroprotection was observed with both these c-Fos constructs (Fig. 4b, c) . To examine if neuroprotection by c-Fos was restricted to CGNs or was a more general effect, we extended our analyses to cortical neurons. Treatment of embryonic cortical neurons with homocysteic acid (HCA) results in death as a result of oxidative stress [31, 32] . As observed in LK-treated CGNs, forced expression of cFos protects cortical neurons against HCA toxicity (Fig. 4d) .
Since FosB is also downregulated in LK-treated CGNs, we examined whether its overexpression was also neuroprotective. Despite its reduced expression under apoptotic conditions, elevation of FosB failed to protect against LK-induced death (Fig. 4e) . On the contrary, ectopic expression of FosB induced apoptosis in otherwise healthy neurons and enhanced cell death in LK-treated CGN cultures. FosB is also expressed in a shorter form called ΔFosB. As observed with the longer form, expression of ΔFosB promoted neuronal death (Fig. 4f) .
Inhibition of MEK-ERK, c-Abl, and Casein Kinase-I (CK-I)
Signaling Reduces Neuroprotection by c-Fos To gain insight into how c-Fos protects neurons, we examined if inhibition of signaling pathways and molecules known to promote neuronal survival impacts its ability to protect neurons. Inhibition of PI-3 kinase-Akt signaling using wortmannin and LY294002 had no effect on neuroprotection by c-Fos (Fig. 5a) . Similarly, inhibition of calcium-calmodulin kinase (CaMK) with KN62, casein kinase-2 with TBB, or HDAC inhibitor TSA had no effect (Fig. 5a) . Control experiments confirmed that the inhibitors were inhibiting their targets at the concentrations used in our analyses (data not shown). In contrast, treatment with two separate MEK inhibitors (U0126 and PD98059) and c-Abl inhibitor (Gleevec) caused a reduction in c-Fos-mediated neuroprotection (Fig. 5a ). Additionally, neuroprotection by c-Fos was abrogated by IC261, an inhibitor of CK-I. It has previously been reported using nonneuronal systems that MEK-ERK pathway is involved in the stability of c-Fos [33, 34] . As observed by these other groups, we found that c-Fos mRNA and protein levels are reduced by treatment with MEK inhibitors raising the possibility that reduced stability might account for the effect of these inhibitors on c-Fos neuroprotection ( Fig. 5b-d) .
Phosphorylation Sites Necessary for Mitogenic Stimulation of c-Fos Transcriptional Activity Are Not Necessary for Neuroprotection in Apoptotic Conditions Following mitogen stimulation, the transcriptional activity and stability of c-Fos are enhanced by ERK phosphorylation at multiple residues within the C-terminal region [33, 35] . Phosphorylation at two residues, S362 and S374, is particularly important because this permits docking of ERK at a four-amino acid sequence (   343   FTYP   346 ) called the DEF (docking site for ERK) [19, 34] . Docking of ERK at the DEF primes phosphorylation at other sites within the C-terminus transcriptional activation domain (TAD) resulting in an enhancement of c-Fos transcriptional activity [19, 34] . We find that c-Fos (S362/374A), a mutant in which the two Ser residues are replaced with Ala residues, is unable to protect neurons (Fig. 6b) . Although this suggests that phosphorylation of residues is important for neuroprotection, c-Fos (S362/374A) is expressed at substantially lower levels than wild-type c-Fos, likely due to reduced protein stability (Fig. 6d) . This is consistent with the reduced c-Fos expression we and others observe in the presence of ERK inhibitors [34, 35] (Fig. 5b, c) . Arguing against a critical role for the two ERK phosphorylation sites in neuroprotection, our finding c-Fos (1-359), which lacks both sites, is completely protective. We also tested another mutant containing four substitutions, c-Fos (S362/364D; T325/331A). Disrupting phosphorylation at T325 and T331 greatly reduces the 
transcriptional activity of c-Fos in response to mitogen stimulation [35] . However, mutating these residues has no effect in the ability of c-Fos to be neuroprotective.
Mutation of Tyr345 Transforms c-Fos from a Neuroprotective
Protein to a Highly Toxic One Mutation of the DEF domain by substituting either F343 or Y345 within the FTYP sequence with Ala disrupts the transcriptional activity of c-Fos in response to mitogen treatment as well as its ability to transform cells [35] . As shown in Fig. 6b , a construct in which F343 is mutated to an Ala, c-Fos (F343A), protects neurons just like wild-type c-Fos. Since both F343 and Y345 are required for ERK docking [35] , this result suggests that docking of ERK is not required for neuroprotection. Interestingly, mutation of Y345 to an Ala residue not only abolishes neuroprotection but also transforms c-Fos into a neurotoxic protein (Fig. 6b) . Rather than affecting docking of ERK, it is possible that mutation of Y345A abolishes phosphorylation of this residue by a tyrosine kinase. Consistent with this conclusion, mutating Y345 to a phosphomimetic Glu residue has no effect to neuroprotection, although such a mutation could be expected to disrupt ERK docking (Fig. 6b) .
Neuroprotection by c-Fos Does Not Require DNA-Binding, Heteromerization with Other AP-1 Proteins, or Transcriptional Activity To examine the contribution of various regions and domains of c-Fos to its neuroprotective activity, we expressed several deletion and point mutant forms of c-Fos in HK and LK-treated CGNs. Expression of a c-Fos (1-196) , a mutant lacking the entire C-terminus half of the protein, was capable of protecting CGNs against LK-induced death (Fig. 6c) . Previous studies have demonstrated that VAV-c-Fos which has a mutation of three leucine residues (L179V, L186A, and L193V within the LZ domain) destroys the ability of cFos to heteromerize with other AP-1 proteins [36] [37] [38] . Surprisingly, this mutant was just as effective in protecting neurons as wild-type c-Fos (Fig. 6b) . We verified that this mutant was incapable of heteromerizing with c-Jun (Fig. 6e) . We also used a construct that completely lacked the LZ domain and hence incapable of heteromerization. This mutant construct, c-Fos (195-380), was fully protective confirming that heteromerization with other AP-1 proteins was not necessary for neuroprotection (Fig. 6c) . Expression of another mutant construct composed only of region of c-Fos spanning residues 250-380 failed to protect CGNs in LK (Fig. 6c) .
Expression of C-terminus fragments of c-Fos had dramatic effects on neuronal viability. A construct spanning residues 309-380 or just 333-380 of c-Fos induced death in otherwise healthy neurons (in HK) and enhanced LK-mediated toxicity (Fig. 6c) . Surprisingly, however, c-Fos (360-380), containing only the last 21 residues of c-Fos, was fully neuroprotective (Fig. 6c) .
The small size of c-Fos (360-380) suggested that the mechanism by which it protected neurons was distinct from that utilized by full-length c-Fos. In support of this possibility is the finding that inhibition of CK-I or MEK-ERK signaling had no effect on neuroprotection by c-Fos (360-380) although these do block neuroprotection of full-length c-Fos (Fig. 6f) .
c-Fos Is Protective Against Mutant Huntingtin Toxicity
To examine whether our findings were relevant to neurodegenerative diseases, we examined the expression of c-Fos in the R6/ 2 mouse model of Huntington's disease (HD). When examined at 13 weeks, a stage when neuropathological and behavioral deficits are obvious, c-Fos expression is not only discernibly reduced in the striatum but also modestly in nonstriatal brain parts (Fig. 7a) . We also examined expression in the 3-nitropropionic (3-NP) model of HD, a widely used chemical model of HD [39, 40] . Following 3-NP administration, mice display selective striatal degeneration starting at Fig. 3 Suppression of c-Fos expression promotes neuronal death. a Efficiency of shRNA was tested with overexpression suppression using Flag-c-Fos plasmid co-expressed with either a control (pLKO.1) or an experimental shRNA (sh1-5) in the ratio 1:7. Protein lysates were prepared 24 h after transfection, and Western blot analysis was performed using anti-Flag antibody (N=3). b CGN cultures were cotransfected with plasmids expressing GFP and either pLKO.1 or one of the five c-Fos shRNA (sh1-5) in a 1:6.5 ratio. Twenty-four hours after transfection, cells were switched to serum-free HK medium. Immunocytochemistry was performed 24 h after the treatment, and cell viability of transfected cells was assessed and normalized to pLKO.1-transfected control. Results were obtained from at least three separate experiments done in duplicates. Statistical analysis using Student's t test was performed where *** represents p<0.0001 3 days with substantial degeneration occurring by 5 days [29, 41] . As observed in the genetic model, c-Fos expression is reduced in the striatum of 3-NP administered mice coincident to neurodegeneration (Fig. 7b) . There was no major change in c-Fos expression in nonstriatal brain tissue of 3-NP-injected mice. In contrast to c-Fos, expression of c-Jun is increased after 3-NP administration, particularly in the striatum (Fig. 7b) . Taken together, these results show that c-Fos expression is reduced in mouse models of HD raising the possibility that providing elevated levels of c-Fos would protect against HD-associated neurodegeneration. To test this idea, we examined the effect of c-Fos overexpression in a cell culture model of HD, in which neuronal death is induced by expression of mutant Htt (mut-Htt). As shown in Fig. 8a , coexpression of c-Fos completely inhibits toxicity by mut-Htt. As observed in LK-treated CGNs, complete protection against mut-Htt was also seen by expression of EGFP-c-Fos (360-380) (Fig. 8b) . Immunocytochemistry was performed after treatment, and cell viability of transfected cells was assessed and normalized to EGFP transfected control. Results were obtained from at least three separate experiments done in duplicates. Statistical analysis using Student's t test was performed where *** represents p<0.001 and ** represents p<0.005
and mouse models of HD [42] [43] [44] [45] [46] [47] . We previously reported that histone deacetylase-3 (HDAC3) is a key mediator of mutHtt neurotoxicity and a likely target of the neuroprotective action of the HDAC inhibitors [26, 48] . We found that under normal conditions, the neurotoxic activity of HDAC3 is repressed through interaction with wild-type Htt [27, 48] . In the presence of mut-Htt, HDAC3 disassociates from wild-type Htt and induces neuronal death following its phosphorylation by GSK3β [26, 48] . Given that HDAC3 overexpression is neurotoxic by itself and in view of the essential role it plays in mut-Htt-induced neuronal death, we examined whether c-Fos could block the neurotoxic action of HDAC3. As shown in Fig. 9a , c-Fos does inhibit HDAC3 toxicity in CGNs maintained in HK but was less effective in LK. As observed with kinase-AKT, CaMK, HDACs, and CK-2 did not have any effect on cFos-mediated survival. However, c-Fos-induced protection was abolished by inhibitors against MEK-ERK signaling, CK-I, and c-Abl. b RNA isolated from CGNs treated with HK, LK, or LK+U0126 for 3 and 6 h was subjected to RT-PCR analysis for c-Fos. Actin serves as loading control. c Whole-cell lysates prepared from CGNs treated with HK, HK+ PD98059, or HK+U0126 for 3 h were subjected to Western blot analysis using anti c-Fos and anti p-ERK antibody. ERK serves as a loading control. d c-Fos protein levels were quantified and normalized to ERK levels using densitometric analysis of Western blots from three different experiments full-length c-Fos, expression of c-Fos (360-380) was able to protect CGNs from HDAC3-induced toxicity (Fig. 9b) .
We previously described that in healthy neurons, wild-type Htt inhibits HDAC3 neurotoxicity by sequestering it through interaction [26] . It was possible that the protective effect of cFos also involved association with HDAC3. Indeed, coimmunoprecipitation studies performed in HEK293T cells in which both c-Fos and HDAC3 were co-expressed showed strong interaction between the two proteins (Fig. 10a) .
Although c-Fos is not expressed appreciably under normal conditions in HEK293T cells, when overexpressed, it interacts with endogenous HDAC3 efficiently (Fig. 10b) . Interestingly, c-Fos (360-380) also interacts with HDAC3 suggesting that, like c-Fos, its protective effect is also mediated through HDAC3 sequestration.
Since HDAC3 interacts with wild-type Htt, and in view of our finding that c-Fos interacts with HDAC3, it was possible that c-Fos also associates with Htt as part of a cFos-HDAC3-Htt complex. As shown in Fig. 10d , coimmunoprecipitation analysis does demonstrate interaction between Htt and c-Fos when the two proteins are overexpressed in HEK293T cells. To verify that these two proteins also interact normally in neurons, we performed co-immunoprecipitation analysis using CGN lysates. Once again, interaction of endogenous Htt and c-Fos was observed in neurons (Fig. 10e) .
Treatment with Fos-CTF Peptide Is Neuroprotective As described above, an EGFP-tagged form of c-Fos (360-380) delivered into neurons by plasmid transfection had strong neuroprotective effects against LK-induced death of CGNs and against mut-Htt toxicity. To confirm and extend these findings, we synthesized a peptide spanning the region between residues 360-380 and added to the C-terminus of this 21-residue peptide 9 arginine residues (R9). Work by other laboratories, including our own, has shown that the R9 tag allows efficient delivery of peptides into cells [49] [50] [51] . As shown in Fig. 11a , treatment of cultured CGNs with c-Fos (360-380)-R9, henceforth designated as Fos C-terminal fragment (Fos-CTF), prevented LK-induced death. We have previously confirmed that R9 by itself has no effect on neuronal viability and cannot protect against LKinduced death of CGNs [49] . The increased expression of c-Jun in LK was blocked by Fos-CTF (Fig. 11b) . HCA-induced toxicity of cortical neurons was also inhibited by Fos-CTF (Fig. 11c) . We also tested whether Fos-CTF could inhibit against mut-Htt neurotoxicity. As shown in Fig. 11d , treatment with 10 μM of Fos-CTF had a robust protective effect against the neurotoxic effect of mut-Htt. Given its small size and its ability to inhibit mut-Htt toxicity, Fos-CTF could have value in the treatment of neurodegenerative disorders like HD. -359) , or EGFP-c-Fos. Twenty-four hours later, lysates were collected and subjected to immunoprecipitation using anti-His-tag antibody and were followed by Western blot analysis. f CGN cultures were transfected with EGFP-c-Fos (360-380). Twenty-four hours later, cultures were treated with HK medium, LK medium, or LK medium supplemented 10 μM U0126, 10 μM IC261, or 100 nM wortmannin (WORT.). Immunocytochemistry was performed 24 h after the treatment, and cell viability of transfected cells was assessed and normalized to EGFP-transfected control expression in otherwise healthy neurons is sufficient to trigger death, whereas elevating c-Fos levels by ectopic expression protects CGNs from LK-induced death and cortical neurons from HCA toxicity. Furthermore, forced expression of c-Fos protects cultured neurons against death resulting from mut-Htt overexpression. Together, these findings show that c-Fos is necessary for neuronal survival, that reduction in its expression promotes neuronal death, and that overexpression of cFos can protect neurons against death resulting from varied stimuli. Our results confirm and extend the finding of Yuan et al. that c-Fos overexpression protects CGNs against LKinduced death [13] . The conclusion that c-Fos expression plays a protective role in neurons is also consistent with the finding that mice lacking c-Fos in the hippocampus display increased sensitivity to kainic acid-induced excitotoxicity [16] . Like us, other groups have found that c-Fos expression is reduced in the striatum of the R6/1 and R6/2 mouse models of HD [17, 18] . c-Fos is an AP-1 protein, which generally functions by heteromerizing with other AP-1 proteins, binding to DNA and activating transcription. Surprisingly, neuroprotection by c-Fos does not require heteromerization, DNA-binding, or residues and domains that play an important role in regulating its transcriptional activity at least in the context of mitogenic stimulation. This suggests a noncanonical and novel mechanism of action. Whereas pharmacological inhibition of PI3 kinase-Akt, casein kinase-II, CaMK, and HDAC signaling has no effect on neuroprotection by c-Fos, inhibition of MEK-ERK signaling reduces neuroprotection. This, however, is likely to be due to the previously described effect of MEK-ERK inhibition of c-Fos stability [35, 36] rather than a direct effect on its neuroprotective activity. Indeed, we find that pharmacological inhibition of MEK-ERK signaling or mutation of S362 and S374, residues known to be phosphorylated by ERK [36, 38] Immunocytochemistry was performed 24 h after treatment, and cell viability of transfected cells was assessed and normalized to an EGFPtransfected control. Results were obtained from at least three separate experiments done in duplicates. Statistical analysis using Student's t test was performed where *** represents p<0.0001 activity via ERK phosphorylation of other residues within the C-terminal region of c-Fos. However, the effect of Y345 on the neuroprotective activity of c-Fos is unlikely to be due to the disruption of ERK docking because mutation of F343, which is also essential for DEF function, has no effect on the ability of c-Fos to protect neurons. It is more likely that Y345 is the phosphorylation site of a tyrosine kinase and that its phosphorylation is essential for neuroprotection by c-Fos. In support of the idea that phosphorylation by a tyrosine kinase rather than ERK docking is the mechanism by which Y345 contributes to neuroprotection is the finding that mutation of this residue to a phosphomimetic one has no effect on neuroprotection by c-Fos, although this should reduce DEF function. In silico analysis suggests that Y345 could serve as a phosphorylation site for c-Abl or CK-I. Interestingly, pharmacological inhibitors of both c-Abl and CK-I abrogate the neuroprotective effect of c-Fos. More work is needed to confirm the requirement of c-Abl and CK-I to c-Fos neuroprotection and, if so, to determine whether any of these kinases act by phosphorylating Y345. After 24 h, lysates were collected and were subjected to immunoprecipitation using either IgG or Flag antibody. Samples were then subjected to Western blot analysis. b HEK293T cells were transfected with Flag-c-Fos. Twenty-four hours later, lysates were collected and subjected to immunoprecipitation using either IgG or Flag antibody. Samples were then analyzed using Western blotting, and the presence of HDAC3 was detected. c HEK293T cells were transfected with HDAC3-Flag and EGFP-c-Fos (360-380). Twenty-four hours later, lysates were collected and subjected to immunoprecipitation using IgG, Flag, or GFP antibody. Samples were then analyzed using Western blot. d HEK293T cells were transfected with Flag-c-Fos along with pLKO.1, RelA-GFP, or Q15-Htt-GFP. After 24 h, lysates were collected and were subjected to immunoprecipitation using either IgG or Flag antibody. Samples were then subjected to Western blot analysis. e CGN cultures were treated with HK medium for 6 h. Lysates were collected, and immunoprecipitation was performed using IgG and Htt antibody. Samples were then subjected to Western blot analysis We report for the first time that c-Fos interacts with HDAC3. Knockdown experiments have shown that HDAC3 plays an essential role in promoting neuronal death in response to varied apoptotic stimuli, including mut-Htt expression [26, 48] . Furthermore, the overexpression of HDAC3 is sufficient to promote neuronal death. It has previously been suggested that the well-documented neuroprotective effects of HDAC inhibitors in diverse in vivo models of neurodegenerative diseases might be mediated through the inhibition of HDAC3 [52] [53] [54] . Indeed, selective inhibitors of HDAC3 prevent neurodegeneration and improve behavioral outcome in mouse models of HD [52] [53] [54] . We report that co-expression of c-Fos inhibits the neurotoxic effect of HDAC3. This raises the possibility that c-Fos protects neurons by inhibiting the neurotoxic activity of HDAC3 through direct interaction. Further experimentation is clearly necessary to uncover the relationship between c-Fos neuroprotection and HDAC3 neurotoxicity. We previously reported that wild-type Htt, but not mutHtt, interacts efficiently with HDAC3 [26] . It is possible that c-Fos, HDAC3, and Htt are part of a neuroprotective protein complex and that, within this complex, HDAC3 has a beneficial role in neurons.
Interestingly, expression of just the C-terminal 21 amino acids of c-Fos and c-Fos (360-380) can protect neurons. In addition to delivering this fragment of c-Fos by plasmid transfection, we synthesized a cell-permeable peptide form of this region, Fos-CTF, which is also neuroprotective. The small size of this peptide renders it suitable for development as a therapeutic agent for neurodegenerative diseases. The mechanism by which Fos-CTF protect neurons remains to be determined, although it is likely to be distinct from the one utilized by c-Fos. One possibility is that the Fos-CTF acts by interacting with another protein that is essential for neuronal death and in doing so interferes with the neurotoxic action of that protein. Indeed, c-Fos (360-380) does interact with HDAC3. We previously described that neurotoxicity by HDAC3 involved interaction with HDAC1 [27] . It is possible that by binding HDAC3, c-Fos (360-380) prevents its ability to interact with HDAC1. Although disruption of HDAC1-HDAC3 interaction is a plausible mechanism, based on the presence of a PEST domain [20, 21] within this 21-amino acid region, it is also possible that neuroprotection involves sequestration of PEST-binding proteins reducing the degradation of certain neuroprotective proteins within the neurons. In summary, we demonstrate that c-Fos is a protein that is necessary for neuronal survival and that can protect neurons when delivered at elevated levels. Neuroprotection by c-Fos occurs by a novel mechanism that does not require its heteromerization domain, its DNA-binding domain, or its transcriptional activity. Although further investigation is needed, we present evidence that c-Fos could act by inhibiting the neurotoxic activity of HDAC3 through direct interaction with it. Our study has also identified a 21-amino acid fragment of cFos with strong neuroprotective activity and which, based on its small size and effectiveness, may have clinical value.
